Proteomic characterization of microglia has been limited by low yield and contamination by nonmicroglial proteins in magnetic-activated cell sorting (MACS) enrichment strategies. To determine whether a fluorescence-activated cell sorting (FACS)-based strategy overcomes these limitations, we compared microglial proteomes of MACS and FACS-isolated CD11b + microglia in order to identify core sets of microglial proteins in adult mouse brain tissue.
both strategies effectively enrich microglia, but that FACS results in less background contamination of the proteome compared to MACS isolation.
Results

Differential expression and comparative analyses of MACS-vs. FACS-based enrichment
We obtained the proteomes of CD11b + microglia from 4-month-old male C57BL6/J wild-type mice (N = 10) isolated using two different strategies: magnetic activated cell sorting (MACS N = 5, >90% enrichment [23] ) and fluorescence activated cell sorting (FACS, N = 5, average 30,000 total cells per sample). MACS-enriched and FACS-isolated microglia cell lysates in 8M urea were digested with LysC and Trypsin, labeled with isobaric multiplex tandem mass tags (TMT), and analyzed by synchronous precursor selection (SPS)-based MS3 (SPS-MS3) (Figure 1D) . Due to the isobaric nature of the tags, all shared peptides from the 10 samples exhibit the same biochemical properties (i.e., exact mass, ionization efficiency, and retention time). Only during MS/MS does each tag fragment and release unique reporter ions, which are then used for peptide quantitation. Thus, one major advantage of multiplex TMT based quantification is that the peptides are pooled across all samples, which increases the precursor peptide signal in the mass spectrometer for proteins common to all samples by up to 10-fold (e.g. TMT 10-plex) when compared to running each sample individually by label-free quantification (LFQ). This is especially important when isolating small numbers of cells (~30,000) as in this study. In total, we identified 6,404 peptides mapping to 1,876 protein groups. Of these, 1,791 proteins were quantified in at least 3 of the 5 replicates in each group, and 4 demonstrated expression patterns unique to only the MACS-enriched group, of which we excluded 2 due to low protein FDR. A total of 953 proteins were differentially expressed (p < 0.05, Student's t test) comparing FACS and MACS microglial proteomes, and of these, 815 met significance thresholds at the FDR <5% level. Of the 953 differentially enriched proteins, 685 were increased and 268 proteins were decreased in abundance in the FACS microglia proteome. When we compared the relative abundance of the 685 significantly increased proteins, 36 proteins had a 2-fold or greater increase in abundance (Figure 2A, solid red dots) in the FACS proteome than in the MACS proteome (top 5: Apex, Fam3c, Lcn2, Lbr, S100a8). Of the 268 significantly decreased proteins, 65 proteins had a 2-fold or greater decrease in abundance in the FACS proteome (Figure 2A, solid blue dots) , i.e., an increased abundance in MACS proteome (top 5: Gap43, Gpm6b, Sh3gl2, Psip1, Hmgn3). Gene Ontology (GO) analysis of proteins significantly increased (n = 685) in the FACS microglia proteome indicated an over-representation of proteins from "cytosolic", "endoplasmic reticulum (ER)", and "ribosome" cellular components, and proteins involved in processes such as "regulation of protein metabolic" and "immune system" (Figure 2B) . The cytosolic and ER bias of the FACS proteome, argues against a nuclear proteomic bias of the FACS approach. Conversely, "mitochondrial" and "synaptic" proteins, and proteins involved in "electron transport chain", "neurotransmitter transport", and "synaptic transmission" processes were over-represented in the proteins significantly decreased in the FACS proteome ( Figure 2B) . These results show that despite using identical mass spectrometry approaches and high cellular purity obtained by MACS and FACS-based microglial enrichment approaches, the proteomes from each strategy are indeed very different. Namely, the proteome of MACS-enriched microglia appears to be heavily biased towards synaptic proteins, suggesting a significant neuronal component in these samples, while the FACS-isolated proteome is enriched for immune function, indicating higher enrichment of microglial proteins.
Microglial cell-type specific proteins are enriched in FACS isolated mouse microglia
In order to definitively assess the cellular level biases of FACS and MACS microglial proteomes, we performed cell-type enrichment analysis using protein marker lists derived from proteomes of four purified mouse brain cell-typesmicroglia, neurons, astrocytes, and oligodendrocytes (referred to as the "reference cell-type proteome") [20] (Figure 3A) . At the time of this work, there was no existing reference for purified endothelial cell proteome. Of the 953 differentially expressed proteins in our entire dataset, 14.7% (140/953) of the proteins were microglial specific, while 22.1% (20/953) were neuronal, 3.5% (33/953) were astrocytic, and 2.4% (23/953) were oligodendrocyte cell-type specific proteins ( Figure 3A) . There were 77.3% (737/953) differentially enriched proteins that were not unique to any given cell-type, indicating that most cellular proteins even in distinct brain cell types, are shared ( Figure 3A, red dots) . In the FACS proteome, 98.3% (139/140) of microglial proteins were increased (Figures 3B, top 20 proteins) and 0.7% (1/140) proteins were significantly decreased compared to the MACS proteome ( Table 1) . Of the 20 neuronal cell-type proteins, 10% (2/20) were increased while 90% (18/20) of the proteins were decreased in abundance in the FACS microglia proteome ( Figure 3C ; Table 1 ). Lastly, 57.6% (19/33) astrocytic and 21.7% (5/23) oligodendrocyte cell-type specific proteins were significantly increased in FACS microglial proteome and 42.4% (14/33) astrocytic and 78.3% (18/23) oligodendrocyte proteins were significantly decreased in abundance in FACS microglia proteome compared to MACS microglia proteome ( Figure 3C ; Table 1 ). These data show that using a celltype marker list from a reference cell-type proteome [20] , our FACS-isolated proteome is significantly enriched with microglia-associated proteins and is depleted of neuronal, astrocyte, and oligodendrocyte proteins.
In addition to utilizing a reference cell-type proteome [20] to define cell-type protein markers in our FACS-isolated and MACS-enriched microglia proteomes, we analyzed the same data for cell-type enrichment with a marker list derived from RNAseq data of five purified mouse brain cells (termed "reference cell-type transcriptome")microglia, neurons, astrocytes, oligodendrocytes, and endothelial cells [9] (Supplemental Figure 2A) . Of the 953 differentially expressed proteins, 12.5% (119/953) of the proteins were microglial specific, while 5.2% (50/953) were neuronal, 1.7% (16/953) were astrocytic, 1.6% (15/953) were oligodendrocytic, and 3.2% (31/953) were endothelial cell-specific proteins (Supplemental Figure 2A ; Table 1 ). There were 75.8% (722/953) of the 953 differentially expressed proteins that were not defined by a cell-type according to the reference cell-type transcriptome marker list (Supplemental Figure 2A , open black dots). Of the 119 identified microglial proteins (Supplemental Figure 2A , red dots), 100% of them were significantly enriched in the FACS microglia proteome compared to MACS microglia proteome ( Table 1) . For the other cell-types, 8% (4/50) of the neuronal, 43.8% (7/16) of the astrocytic, and 73.3% (11/15) of the oligodendrocyte specific proteins were increased in FACSisolated microglia proteome (Table 1) . Surprisingly, 93.5% (29/31) of the identified endothelial cell proteins were significantly enriched and 6.5% (2/31) of the proteins were decreased in FACSisolated microglia proteome compared to the MACS-enriched microglia proteome (Table 1) . In sum, using a reference transcriptome to define cell-type enrichment, we observed a similar trend where the FACS-isolated proteome was enriched with microglial proteins and depleted of neuron, astrocyte, and oligodendrocyte cell specific proteins. Surprisingly, we also observed an enrichment of endothelial markers in the FACS proteome.
Given that both references identified varying numbers of cell-type proteins (Table 1) , we sought to determine whether the degree of overlap in the number of cell-type proteins identified by both cell-type enrichment strategies. If we considered the 140 microglia proteins defined by the reference cell-type proteome, ~73% (87/119) of them overlap with proteins defined to be microglial by the reference cell-type transcriptome (Supplemental Figure 2B) . The reference cell-type proteome defined 20 proteins to be neuron specific, where ~20% (10/50) of the proteins overlapped with the neuronal proteins identified by the reference cell-type transcriptome (Supplemental Figure 2B) . Additionally, the reference cell-type proteome defined 33 proteins to be astrocyte specific and 23 to be oligodendrocyte specific with ~44% (7/16) and ~27% (4/15) of the proteins overlapping with the astrocyte and oligodendrocyte proteins defined by the reference cell-type transcriptome, respectively (Supplemental Figure 2A) . To summarize, the two reference cell-type marker lists we used identified minimally overlapping and varying numbers of proteins for each cell-type.
To further confirm the validity of the apparent cellular biases of MACS vs. FACS proteomes in our dataset, we compared our results to our recently published MACS-based microglial proteome from wild-type mice and mouse models of AD in which 4,133 proteins were identified by TMT-MS in CD11b + MACS-enriched microglia [23] . In this secondary analysis (Supplemental Figure 3) we cross-referenced with the reference cell-type proteome [20] and found that 78.5% of all proteins did not map to a cell-type, while only 4.5% were microglial and 17% of the proteins were enriched in other cell-types. While microglia-specific proteins such as Msn and Cotl1 were highly abundant, neuronal proteins (Camk2a, Gap43), astrocyte proteins (Gfap, Aldoa) and oligodendrocyte proteins (Mbp) were also identified as highly abundant proteins (Supplemental Figure 3B , >90 th percentile of relative abundance).
Collectively, these cell-type enrichment analyses of our proteomic data, integrated with existing reference brain cell type-specific proteomes and transcriptomes, clearly show that MACSbased proteomes are still contaminated by non-microglial proteins, while the FACS-based approach results in better enrichment of microglial proteins and depletion of neuronal and other glial proteins.
Comparative analysis of FACS isolated mouse microglial proteome and transcriptome reveals shared and unique microglial proteins
Although molecular profiling of microglia has been biased towards transcriptomic studies, proteins and not transcripts are the effectors of biological functions. Significant discordance between transcriptomic and protein level expression have also been shown [18] . A comparison of transcriptomic and proteomic expression in adult mouse microglia can reveal shared (concordant) molecular expression profiles, as well as highlight differences (discordance) between mRNA and protein levels in microglia. To characterize the concordance and discordance at transcript and protein expression levels in microglia, we integrated our proteomic findings from FACS-isolated microglia with existing RNAseq transcriptomic data of CD11b + microglia from 2-month-old wildtype mice, isolated using nearly-identical FACS-based approaches [8] . Relative abundance values (abundance percentile rank) of microglial proteins identified in our FACS-isolated mouse microglia dataset (n = 206) were binned into quartiles (Bins: 0-25, 25-50, 50-75, 75-100) and compared with the reference FACS-isolated microglia transcriptome. Of the 206 microglia specific proteins/gene symbols, ~21% (n = 44) were highly abundant in both datasets and the overall level of discordance (>50 th percentile or <50 th percentile in either dataset) was 40%. We found 90 proteins/gene symbols to be highly abundant (>50 th percentile) in both datasets (Figure 4A, Q4) , and among these, microglial proteins such as Hexb, Ctsd, Pfn1, Msn, Aif1 (Iba1), and many others, were present in the top 10 th percentile of abundance in both datasets (Figure 4A , Q4 red dots). Consistent with our prior findings, Msn, Hexb, Pfn1, and Coro1a were also found to be highly abundant microglial proteins [9, 20] . Additionally, a novel microglial specific protein we previously have identified, Cotl1 [23] , is also highly abundant in both datasets (Figure 4A , Q4). The first quadrant (Q1) has ~27 proteins/gene symbols that are low in both proteomic and reference RNAseq datasets (Figure 4A , Q1 black dots). The second quadrant (Figure 4A , Q2) represents proteins/gene symbols with high abundance in our proteomic dataset but low abundance in the reference RNAseq dataset. Q2 contains ~21 proteins/gene symbols, with Anxa5, S00a9, S100a8, and Hmga1 in the top 10 th percentile of protein abundance (Figure 4A , red squares). The third quadrant (Q3) has ~62 proteins/gene symbols that display a low abundance in our proteomic dataset but a high abundance in the reference RNAseq dataset and includes proteins such as Bin1, Snx5, and Gpx1 in the top 10 th percentile (Figure 4A , Q3 open red dots). To summarize, we have defined a core set of highly-abundant microglial proteins in adult mice which can be used as indicators of microglial abundance in future proteomic studies. The results also highlight the clear discordance between transcript-level and protein-level expression in microglia.
Msn and Cotl1 are highly expressed by microglia in adult mouse brain
We identified 44 highly abundant proteins at the transcriptional and protein levels in FACSisolated microglia (Figure 4A, Q4 ) and from these, we chose Msn and Cotl1 for additional neuropathological studies to characterize expression in the mouse brain. Moesin or Msn is a member of the ezrin-radixin-moesin (ERM) family of proteins that link the C-terminal domain of cortical actin filaments to the plasma membrane [24] . Msn is expressed ubiquitously in various cells such as macrophages, lymphocytes, fibroblastic, endothelial, epithelial, and neuronal cell lines [25] [26] [27] . Msn is highly expressed by microglia at the protein and transcript levels [8, 9, 20] , consistent with our finding that Msn is a highly abundant microglial protein ( Figure 4B ). It is also highly expressed in endothelial cells at the transcript level [9] . We co-immunostained brains from 6-7 month old Cx3cr1 CreER-YFP mice on wild-type (WT, N = 4) or 5xFAD (N = 6) backgrounds with antibodies against Msn and YFP/GFP. Cxc3cr1 CreER-YFP mice display YFP immunofluorescence in Cx3cr1 + microglia in the brain [28, 29] . In Cxc3cr1 CreER-YFP -WT mouse cortex, we observed GFP immunofluorescence within the cell body and processes of ramified microglia (Figure 4C , arrow) and detected diffuse Msn immunofluorescence in the same ramified microglia (Figure 4C , arrowhead). We also observed Msn immunofluorescence in non-microglial cells which resembled endothelial cells (Figure 4C , asterisk), consistent with previously reported Msn expression in endothelial cells [9] . In Cxc3cr1 CreER-YFP -5xFAD mouse cortex, we observed a marked activated morphology of GFP immunofluorescent microglia and found strong co-localization of GFP-and Msn-positive microglia surrounding dense A plaques (Figure 4C, circle) .
The second protein we validated was Cotl1, which we have previously identified as a novel microglia-specific marker from a quantitative TMT-MS proteomic analysis of MACS-enriched CD11b + microglia from adult mice in normal, acute neuroinflammatory, and chronic neurodegenerative states (5xFAD model of AD) [23] . Cotl1 or coactosin like F-actin binding protein 1 is an actin-binding protein expressed by immune cells including macrophages and has been recently reported to regulate actin dynamics at the immune synapse [30, 31] . Furthermore, Cotl1 is highly and specifically expressed by microglia at the transcript and protein levels [9, 20] . In the current study, we were able to replicate our previous finding of Cotl1 as a microglial marker with a significantly higher abundance (1.4-fold higher, p = 0.001) in the FACS proteome than MACS proteome. We co-immunostained the same brains from Cx3cr1 CreER-YFP mice on WT or 5xFAD backgrounds for Cotl1 and YFP/GFP. In the Cxc3cr1 CreER-YFP -WT cortex, Cotl1 immunofluorescence was specifically detected in GFP immunofluorescent microglia (Figure 4D , arrow). Qualitatively, there was an increase in the number of microglia co-expressing GFP and Cotl1 in the Cxc3cr1 CreER-YFP -5xFAD mouse cortex (Figure 4 , asterisk). The microglia in the Cxc3cr1 CreER-YFP -WT cortex appeared ramified, but those in Cxc3cr1 CreER-YFP -5xFAD cortex adopted an activated morphology with shorter swollen processes and larger cell bodies ( Figure  4D) .
These results show that proteomic analysis of FACS-isolated microglia yields highly abundant microglial specific proteins, such as Msn and Cotl1, that are also high in abundance at the transcript level which can serve as markers of microglia in the mouse brain at normal and disease states.
Dicussion
Bioinformatic studies of human brain gene and protein expression have consistently identified microglial genes/proteins within immune pathways as determinants of disease progression and cognitive decline [5, 32, 33] . Molecular characterization of microglia has been traditionally biased towards transcriptomic studies [34] [35] [36] rather than proteomic studies due to the generally low protein yield from isolated cells, challenges related to microglial isolation from the brain, and technical requirements for mass spectrometry analyses. Multiple studies have shown the discordance between transcript-level and protein-level expression data attributed to posttranscriptional processes such as post-transcriptional mRNA regulation, post-translational protein modifications, protein recycling and degradation [17] [18] [19] . Therefore, comprehensive profiling of proteins, rather than transcripts, of microglial cells is necessary for a deeper understanding of microglia-mediated disease mechanisms in neurodegenerative diseases such as AD.
Prior proteomic studies have consistently used magnetic-activated cell sorting (MACS) enrichment strategies to isolate microglia from fresh mouse or human brain [20, 23, 37] . MACSenrichment aims to facilitate a rapid, high-throughput, immuno-magnetic separation of a pure population of a desired cell-type, i.e. microglia, from a single cell-suspension; however, it is limited by low yield and contamination by non-microglial proteins despite high cellular purity. In the current study, we aimed to determine whether a fluorescence activated cell sorting (FACS)isolation strategy overcomes these limitations by performing the first comprehensive proteomic comparison of MACS-enrichment and FACS-isolation strategies for acutely-isolating microglia from adult (4 month old) mouse brains. The proteomes obtained by each isolation strategy are surprisingly very different: the MACS-enriched microglia proteome overrepresents synaptic proteins, suggesting a significant neuronal component in these samples, while the FACS-isolated microglia proteome is enriched for immune function proteins, indicating higher enrichment of microglial proteins. In order to assess whether the FACS proteome was indeed enriched for microglial proteins, we performed cell-type enrichment analysis of the differentially expressed proteins between the MACS and FACS proteomes and demonstrated that the FACS-isolation approach, when coupled with TMT-MS, is a superior method yielding a proteome that is highly enriched for canonical microglia-specific proteins while non-microglial proteins, particularly those derived from neurons and oligodendrocytes, are significantly depleted.
A strength of our study is the use of TMT-MS for quantitative proteomic characterization. The multiplex paradigm enables the accurate quantitation of thousands of proteins across many samples simultaneously for large-scale quantitative proteomic applications [38, 39] . Also, a major advantage of TMT-MS is the ability to multiplex all of the peptide sets prepared from multiple samples to be combined into a single LC-MS/MS analysis, resulting in improved breadth of coverage by avoiding missing values that are common in label-free based quantification [40, 41] . The combination of TMT-MS and SPS-MS3 methods significantly improved the acquisition, quantitation, and depth of MACS-enriched and FACS-isolated microglial proteomes. Critically, collapsing the 10-TMT channels (5 samples/isolation strategy) resulted in higher signals and identified proteins, overcoming the challenges of low protein yield typically expected from isolation of rare cell-types such as microglia. Many studies pool isolated microglia from 3-12 mouse brains for a MS run to increase protein yield and improve detection/quantitation of proteins in a MS run [9, 20, 23] ; however, each sample in our study consisted of microglial cells isolated from one whole mouse brain without pooling for either isolation strategy. This is significant because 1) we demonstrate that at least 18,000 FACS-isolated microglial from one mouse brain is sufficient for a thorough proteomic analysis, 2) sampling bias is minimized when samples are not pooled, and 3) this method is especially cost-effective for complex, long-term mouse studies. The limitations of our approach are also made apparent by the aforementioned points. We identified approximately 1,800 proteins compared to the 4,133 proteins identified in our previous proteomic analysis of acutely isolated microglia [23] . This low number of identified proteins could have been ameliorated by pooling brain samples, as this significantly increases our protein yield. Additionally, enzymatic digestion rather than mechanical dissociation of brain tissue prior to isolation could increase microglial cell yield from one whole brain, and thus, protein yield. Last, this could be attributed to non-cellular contamination in the MACS samples that were combined with FACS samples for TMT-MS.
Our study also supports the use of our validated pipeline of FACS-based isolation coupled with TMT-MS for characterization of non-microglial brain cell types. One advantage of the FACS approach is it provides the opportunity to isolate other cell-types from the brain, which is not feasible using MACS approaches without compromising cell integrity and viability. In our current study, we did not perform enzymatic digestion of the brain to maximize microglial enrichment prior to FACS or MACS. However, enzymatic digestion can significantly increase the yield of endothelial cells as well as other glial cells (astrocytes and oligodendrocytes), allowing simultaneous cell type isolation by FACS. A cell isolation methodology termed concurrent brain cell type acquisition (CoBrA) has been used to isolate microglia, endothelial cells, astrocytes, and oligodendrocytes from mouse brain for RNAseq studies [42] . Unlike transcriptomic strategies, proteomic applications require specific strategies to reduce protein contamination from serum, albumin, and other proteins such as keratin, which we are currently optimizing for an analogous simultaneous cell-type isolation pipeline for proteomic studies. Based on our demonstration of feasibility in obtaining high-quality proteomes from FACS-isolated microglia, which traditionally have very low protein yield per cell, our results support the feasibility of using FACS to isolate distinct cell types with high purity while minimizing non-specific contamination, for simultaneous proteomic characterization of multiple cells types. This is particularly important for resolving why we observed a significant enrichment of endothelial genes/proteins in our FACS-isolated microglial proteome, which could mainly be a reflection of our cell-type enrichment analysis method for endothelial cells. Current brain endothelial cell biology is solely based on expression at the transcript level because no purified endothelial proteomes exist, thus, our cell-type enrichment analysis was conducted using a mouse brain cell-type transcriptomic reference [9] . Given the discordance between transcript-level and protein-level expression, it is difficult to conclude that there is indeed endothelial cell-type protein enrichment by FACS targeting microglial enrichment. This can only be resolved by proteomic characterization of concurrently isolated microglial cells and endothelial cells from the same mouse brain and comparison of these data with existing endothelial transcriptomic data.
We assessed our MACS-and FACS-microglial proteomes for cell-type enrichment with two different mouse brain cell-type reference datasets: cell-type resolved proteome by Sharma et al. [20] and cell-type resolved transcriptome by Zhang et al. [9] Although, both reference datasets identified the FACS-proteome to be enriched with microglial proteins/gene symbols and depleted of non-microglial proteins/gene symbols, there were still a significant number of gene products that were not assigned to a specific cell-type. This could be attributed to several factors. First, it could be that these proteins/genes are ubiquitous in the brain regardless of the cell-type. Second, there are inherent differences in the isolation methodologies between our study and the reference studies. For example, the refence cell-type proteome [20] isolated cells using MACS-enrichment and primary cell-culture [20] , while the reference cell-type transcriptome [9] performed FACS isolation from transgenic mice and immunopanning to isolate cells. Lastly, the expression or regulation of these proteins/gene symbols in their respective cell-type might vary with age. We characterized the microglial proteome of adult mice, while both reference datasets characterized microglia and other brain cell-types from vastly younger mice ranging in age from P1 to P8* [9, 20] . In summary, the combination of all these factors may have limited our ability to fully resolve the cell-type origin of the proteins identified within our dataset and highlights the need for comprehensive characterization of the proteome or transcriptome of mouse brain cell-types using consistent mouse models at similar ages, isolation protocols, and technical and analytical measures that will allow for cross-study comparisons.
We contrasted our FACS-isolated microglial proteome with a reference FACS-microglial transcriptome by Bennet et al. [8] , and identified two highly abundant microglia specific proteins, Msn and Cotl1, in our FACS-isolated microglial proteome that are also high in abundance at the transcript level [8] . Our immuno-histochemical studies show that Msn and Cotl1 proteins, like known other markers such as Tmem119 or Iba1, could serve as novel markers of microglia in the mouse brain in normal and disease states. In WT mice, Msn was expressed in ramified/homeostatic microglia as well as non-microglial cells that resembled endothelial cells, consistent with prior transcriptomic studies showing that Msn is also highly abundant in endothelial cells [9] . Furthermore, in the 5xFAD mouse brains, Msn protein expression was localized to large clusters of reactive microglia rather than ramified microglia, specifically within microglial processes that surround and infiltrate Aβ plaques. Consistent with ezrin-radixin-moesin proteins, the pattern of Msn expression in microglia appeared to be more membrane localized rather than cytosolic [43] . We also validated a protein we previously identified as a microglial marker, Cotl1, through MACS-enrichment microglial proteomic analysis [23] . Cotl1 protein expression was observed in microglia of WT and 5xFAD brains, with higher immunofluorescence and increased microglial size observed in the 5xFAD mice only. Overall, our findings suggest that proteomic characterization of FACS-isolated microglia does indeed identify strong microgliaspecific markers such as Msn and Cotl1 that can be used to detect both ramified and A plaqueassociated microglia in the mouse brain, but there is still a discordance between protein-level and transcript-level expression in microglia. We identified proteins/gene symbols with high abundance in our FACS proteome dataset which are low at the transcript-level, as well as proteins/gene symbols with low abundance in our FACS proteome, but that are high at transcript level. One can argue that this discordance is due to comparison of unmatched samples, however, the reference dataset we used for our comparative analysis is the closest in terms of isolation methodology and age of mice the microglia were isolated from, allowing for a relatively fair comparison between our proteome and their transcriptome [8] . One way to better estimate protein-transcript correlations is by concurrently measuring proteins and transcripts within identical microglia samples. This would deepen our insight into intra-microglial heterogeneity and complexity in normal and disease states.
Conclusion
This study establishes FACS isolation, rather than MACS enrichment, as a valid and preferred approach for future quantitative proteomic studies of adult mouse microglia using disease models.
Methods
Animals
Mice were housed in the Department of Animal Resources at Emory University under a 12-hour light/12-hour dark cycle with ad libitum access to food and water. All procedures were approved by the Institutional Animal Care and Use Committee of Emory University and were in strict accordance with the National Institute of Health's "Guide for the Care and Use of Laboratory Animals."
Acute isolation of CD11b-positive microglia
Male 4-month-old C57Bl/6J mice (N = 10) were anesthetized with isoflurane, followed by exsanguination and cardiac perfusion with 30mL of ice-cold 1× phosphate buffered saline (1×PBS). The brain was immediately dissected and mechanically homogenized over a 40µm cell strainer. Subsequently, the homogenate was centrifuged for 5min at 800×g at room temperature (RT), supernatant was carefully decanted, and pellet was resuspended in 6mL of 35% stock isotonic Percoll (SIP) solution diluted with 1×HBSS (SIP: nine parts 100% Percoll and 1 part 10× HBSS). The cell suspension was transferred to a new 15mL conical and 3mL of 70% SIP was slowly underlaid. The established gradient was centrifuged for 25min at 800×g with no brake at 15ºC. The top floating myelin layer was aspirated and 3mL from the 35-70% interphase, containing the mononuclear cells (Figure 1A) , was collected without disturbing the 70% layer. The mononuclear cells were washed with 6mL of 1×PBS, centrifuged for 5min at 800×g, and cell pellet was resuspended in 100µl of 1×PBS.
Isolated mononuclear cells from five brains were then further purified by CD11b positive selection using MACS columns (N = 5 mice, >90% enrichment of CD11b + microglia [23] ) (Miltenyi Biotec, Cat# 130-093-636) to selectively enrich microglia and brain mononuclear phagocytes (Figure 1A) . Mononuclear cells from the remaining five brains were labeled with APC-Cy7 rat anti-CD11b antibody (BD Pharmingen, Cat# 557657) for 30min at RT and sorted using a BD FACSAria II cell sorter (Figure 1B) . In order to allow for a fair comparison between both approaches, we intentionally FACS-isolated CD11b + myeloid cells (predominantly microglia) rather than using a CD11b+CD45 int selection strategy. Since live/dead gating is not feasible for MACS-enrichment, we intentionally did not use live/dead exclusion in the gating strategy for FACS. However, we confirmed in independent experiments that cell viability using our FACS strategy is >95% within CD11b + microglia. We have also previously shown that CD45 high braininfiltrating macropahges represent <5% of cells within CD11b + brain myeloid cells [23] , and therefore, MACS-enriched or FACS-isolated CD11b + brain myeloid cells are referred to as microglia in this manuscript.
Cell homogenization and protein digestion
Isolated microglia were lysed in 200µL of lysis buffer (8M urea, 100mM NaHPO4, pH 8.5) with HALT protease and phosphatase inhibitor cocktail (ThermoFisher, Cat. No. 78446) and each sample was sonicated for 3 cycles consisting of 5 seconds of active sonication at 30% amplitude followed by 15 seconds on ice. Protein concentration was determined by bicinchoninic acid (BCA) assay (Pierce, Cat. No. 23225). Protein digestion was performed as previously described [40] . Briefly, 6µg of protein for each sample was reduced with 1mM dithiothreitol (DTT) at room temperature for 30 min and alkylated by 5mM iodoacetamide (IAA) in the dark for 30 min. Samples were then diluted (8-fold) with 50mM triethylammonium bicarbonate (TEAB), digested overnight with Lysyl endopeptidase (Wako, Cat. No. 127-06621) at 1:100 (w/w). The peptide solutions were acidified to a final concentration of 1% formic acid (FA) and 0.1% triflouroacetic acid (TFA), desalted with a C18 Sep-Pak column (Waters, Cat. No. WAT054945) and dried down in a vacuum centrifuge (SpeedVac Vacuum Concentrator).
Tandem mass tag (TMT) labeling of peptides was performed according to manufacturer's instructions and as previously described [40] . One batch of 10-plex TMT kit (Thermo Fisher, Cat. No 90110) was used to label all ten samples (Figure 1C) . All ten channels were then combined and dried in a vacuum centrifuge.
High pH reversed-phase peptide fractionation
High pH reversed-phase peptide fractionation kit was used to perform desalting and fractionation as per manufacturer's protocol (ThermoFisher, Cat. No. 84868). Briefly, the dried sample containing all ten TMT channels was reconstituted with 300µL of 0.1% trifluoroacetic acid (TFA) and added to conditioned reversed-phase fractionation spin columns containing 20mg of resin in a 1:1 water/DMSO slurry. A sequential gradient of increasing acetonitrile (ACN) concentrations in a high-pH elution solution (0.1% triethylamine) was applied to the columns to elute bound peptides into 9 different fractions collected by centrifugation at 3000×g. Each fraction was dried in a vacuum centrifuge and stored at 4 degrees until mass spectrometry.
Mass spectrometry analysis and TMT data acquisition
Assuming equal distribution of peptide concentration across all 9 fractions, 10µL of loading buffer (0.1% TFA) was added to each fraction and 2µL was separated on a 25 cm long by 75 μm internal diameter fused silica column (New Objective, Woburn, MA) packed in-house with 1.9 μm Reprosil-Pur C18-AQ resin. The LC-MS/MS platform consisted of a Dionex RSLCnano UPLC coupled to an Orbitrap Fusion mass spectrometer with a Flex nano-electrospray ion source (Thermo Fisher). Sample elution was performed over a 120 min gradient with a constant flow rate of 300nl/min. The gradient consisted multiple steps starting at 3% and going to 7% Buffer B (0.1% formic acid in ACN) over 5 mins, from 7 to 30% B over 80 mins, from 30 to 60% over 5 mins, from 60 to 99 over 2 mins, constant at 99% for 8 mins and immediately back to 1% for 20 mins. The mass spectrometer was operated in positive ion mode and utilized the synchronous precursor selection (SPS)-MS3 method for reporter ion quantitation as described [40] with a top speed cycle time of 3 seconds. The full scan range was 400-1500 m/z at a nominal resolution of 120,000 at 200 m/z and automatic gain control (AGC) set to 4 ×10^5. Tandem MS/MS Collision-induced dissociation (CID) spectra were collected in the ion trap with normalized collision energy set to 35%, max injection time set to 35 ms and AGC set to 1x10^4. Higher energy collision dissociation (HCD) synchronous precursor selection (SPS)-MS3 of the top 10 product ions at 65% normalized collision energy (CE) were collected in the orbitrap with a resolution of 60,000, a max injection time of 100 ms and an AGC setting of 5x10^4.
Protein identification and quantification
Raw files from Orbitrap Fusion were processed using Proteome Discover (version 2.1) and MS/MS spectra were searched against UniProt Mouse proteome database (54,489 total sequences) as previously reported [23] . SEQUEST parameters were specified as: trypsin enzyme, two missed cleavages allowed, minimum peptide length of 6, TMT tags on lysine residues and peptide N-termini (+229.162932 Da) and carbamidomethylation of cysteine residues (+57.02146 Da) as fixed modifications, oxidation of methionine residues (+15.99492 Da) and deamidation of asparagine and glutamine (+0.984 Da) as a variable modification, precursor mass tolerance of 20 ppm, and a fragment mass tolerance of 0.6 Da. Peptide spectral match (PSM) error rates were determined using the target-decoy strategy coupled to Percolator [44] modeling of true and false matches. Reporter ions were quantified from MS3 scans using an integration tolerance of 20 ppm with the most confident centroid setting. An MS2 spectral assignment false discovery rate (FDR) of less than 1% was achieved by applying the target-decoy strategy. Following spectral assignment, peptides were assembled into proteins and were further filtered based on the combined probabilities of their constituent peptides to a final FDR of 1%. In cases of redundancy, shared peptides were assigned to the protein sequence with the most matching peptides, thus adhering to principles of parsimony. The search results and TMT quantification as well as raw LC-MS/MS files are included in the ProteomeXchange online repository with identifier PXD015652. We included proteins with TMT abundance values in at least 3 of the 5 replicates per group, as well as proteins present within all 5 replicates in one group and absent in the other group (present only in MACS: total n = 4), but also display a high protein FDR confidence (n = 2, Gpm6b & Sh3gl2). Additionally, even though TMT labeling limits missing values, normalized abundances of zero were imputed as the lowest TMT abundance value in the dataset.
Gene ontology enrichment analysis
Gene Ontology (GO) functional annotation of differentially expressed proteins was performed using GO-Elite 1.2.5 as previously published [32, 33] , with a minimum of five genes per ontology, meeting Fisher exact significance of p < 0.05, i.e., a Z-score greater than 1.96. The background gene list for GO-Elite consisted of total proteins identified and quantified in our dataset (n = 1791). Input lists included proteins that were significantly differentially expressed (p < 0.05 by Student's t-test, unadjusted) and with a 2-fold-change in abundance comparing FACS-microglia with MACS-microglia proteomes (Supplemental Table 2 )
Differential expression analysis
Differentially enriched or depleted proteins (unadjusted p ≤ 0.05) were identified by Student's ttest comparing the five FACS-isolated microglia samples and the five MACS-enriched microglia samples. Differential expression (FACS/MACS) is presented as volcano plots which display all proteins that either arise from expression of one of the proteins or genes in the cell type-specific enrichment lists [9, 20] . Significance of differentially expressed proteins was assessed using the one tailed Fisher's exact test and corrected for multiple comparisons by the FDR (Benjamini-Hochberg) method ( Supplemental Table 1 ).
Cell-type enrichment analysis
Cell-type enrichment was performed by cross-referencing the number of differentially expressed proteins in our FACS vs. MACS microglial proteomes with cell type-specific gene lists from massspectrometry based proteomics [20] (termed "reference cell-type proteome") and RNA-Seq [9] (termed "reference cell-type transcriptome) of the following isolated mouse brain cell types: microglia, oligodendrocytes, astrocytes, neurons, and endothelial cells. Methods for determining cell-type enrichment of each protein or gene have been previously published and used in prior proteomic analyses [32, 45] . Of note, purified mouse endothelial proteomes have yet to be published.
Isolated microglial transcriptomics
We obtained and existing RNAseq transcriptome dataset from CD11b + microglia isolated by FACS from 2-month-old wild-type mice, Bennet et al. [8] , and contrasted differentially expressed genes in this "FACS-isolated microglia transcriptome" with observed differentially expressed proteins in our FACS-isolated microglia. This dataset was selected because it enables the best comparison of transcriptomes and proteomes of microglia that were acutely isolated by FACS from adult wild-type mice, using nearly-identical approaches [8] .
Immunofluorescence staining
Brains were isolated from wild-type Cx3cr1 CreER-YFP mice (N = 4; Jackson Stock No. 021160) and Cx3cr1 CreER-YFP mice crossed with 5xFAD mice (N = 6) at 6-7 months of age. Cx3cr1 CreER-YFP mice constitutively express YFP in microglia. Briefly, the mice were anesthetized with isoflurane and perfused transcardially with 20mL of 1×PBS. The brains were immediately removed and hemisected along the sagittal midline. The left hemisphere was immersion-fixed in 4% paraformaldehyde for 24 hours, washed 3 times with 1×PBS, and transferred to 30% sucrose for another 24 hours. Subsequently, the brains were cut into 30µm thick sagittal sections using a cryostat. For immunofluorescence staining, 3-4 brain sections from each mouse were thoroughly washed to remove cryopreservative, blocked in 8% normal horse serum diluted in 1×TBS and 0.1% Triton-X for 1 hour, and incubated with primary antibodies diluted in 1×PBS overnight (1:200 goat anti-GFP [Rockland, Cat. No. 600-101-215], 1:100 rabbit anti-Msn [Abcam, Cat. No. ab52490], 1:100 rabbit anti-Cotl1 [Sigma-Aldrich, HPA008918]). Following washes and incubation in the appropriate fluorophore-conjugated secondary antibody (1:500, goat-FITC, anti-rabbit Rhodamine-red) for 30 min, sections were mounted on slides with mounting media containing DAPI for nuclear staining (Fluoreshield, Sigma-Aldrich F6057). Representative images of the same region in the cortex were taken using the Leica SP8 multi-photon confocal microscope and all images processing was performed using Fiji software [46] . (129N, 129C, 130N, 130C, 131 ). After labeling, the samples were combined and fractionated by off-line high pH fractionation (n = 9 fx total). Each fraction was analyzed and quantified by synchronous precursor selection (SPS)-MS3 on an Orbitrap Fusion mass spectrometer. D Analytic approach used for differential expression, cell-type enrichement, and comparative analyses of current proteomic dataset. [23] while nearly 17% of the proteins are from other cell types. B Highly-abundant proteins in our previous microglial proteomic study [23] included non-microglial proteins such as Mbp, Aldoa, Gfap, and Camk2a. Micro = microglia, Neu = neuron, Astro = astrocyte, Oligo = oligodendrocyte.
Supplemental table 1. Quantitative protein expression data from MACS-enriched and FACSisolated mouse microglia. Log2 transformed protein abundance data and differential expression analysis.
Supplemental table 2.
GO Elite analysis of 953 significantly differentially expressed proteins between MACS-enriched and FACS-isolated mouse microglia proteomes.
